Abstract. Harmonic distortion limits recommended by most international standards are designed for the steady-state harmonics, which are typically calculated for planning purpose. A problem can occur, however, when the limits are applied to actual time-varying harmonics. This paper proposes a new fuzzy logic application to apply modified steady-state harmonic limits using total demand distortion, which is recommended in the IEEE standard 519-1992, to the actual measured harmonic distortions which varies with time. Fuzzy logic application can provide simple and easy implementation and reflect experts' knowledge. The result of fuzzy logic application indicates how close the current waveform is to a pure sinusoidal wave shape and also reveals whether this current harmonic distortion is within or outside the allowable limits. It is expected that this application can contribute for future developments of harmonics monitoring, evaluation, and mitigation strategies in the actual operating status of power system.
Introduction
Both electric utilities and customers have experienced an increase of harmonic current and voltage level, due to the diverse diffusion of electric power devices in residential, commercial, and industrial loads. It becomes a great concern for both electric utilities and customers to maintain power quality (PQ). To provide a reference guide for them, most existing international standards recommend harmonic distortion limits for the steadystate harmonics. The most common harmonic index is total harmonic distortion (THD) which is defined as the root mean square (RMS) of the harmonics expressed as a percentage of the fundamental component. The THD can be weighted to indicate the stress on various system devices [1] . Similarly, a weighted factor can be used for applying a steady-state harmonic limit to time-varying harmonics. This will be explained in detail later. Current distortion levels can also be characterised by a THD value, but it can be misleading when the fundamental load current is low. A high THD value for input current may not be a matter of significant concern if the load is light, since the magnitude of the harmonic current is low even though its relative distortion to the fundamental frequency is high. To avoid such ambiguity, IEEE Standard 519-1992 defined a new factor called the total demand distortion (TDD) which is similar to THD except that the distortion is expressed as a percentage of some rated or maximum load current magnitude, rather than as a percentage of the fundamental current [1] , [2] . Thus, as the size of a customer load decreases with respect to the size of a system, the percentage of harmonic current that the customer is allowed to inject into the utility system increases. Both THD and TDD limits are typically applied to the estimated harmonics during the planning stage. Although the fundamental function of the harmonic indices is to indicate how far the analyzed signal deviates from the nominal sinusoidal waveform, TDD values alone are not enough to precisely describe the harmonic distortion level for certain situations in the power system [3] . TDD should be related to the ratio, short circuit level (I sc /I L ), of the short circuit current (I sc ) available at the point of common coupling (PCC) to the maximum fundamental load current (I L ) which is calculated as the average current of the maximum demand for the preceding 12 months (see Table I ) [1] . For example, if we assume that both short circuit level of 35 and 85 have the same value of TDD of 10%, the former current distortion will be outside the allowable limit but the latter current distortion will be within the limits. In several studies to define for the non-stationary signals, it is observed that the classical total harmonic distortion index limits the types of analysis approaches such as the Fourier transform, the Wavelet transform, or the other time-frequency representation [5] - [7] . Therefore, the accuracy of harmonic indices is highly dependent on the analysis transform-domain resolution. When a practical waveform is processed by windowed Fourier transform, time-varying harmonics can be detected. Discussion of this issue is however far outside the scope of this paper. To make this simple, two sets of harmonic limits can be considered. One set is applied to the design (calculated) data and the other to the measured data. The design limits are recommended by the IEEE Standard 519-1992, which recognizes that they can be exceeded for periods of time without causing harm to equipment. However, the malfunction of electronic devices can be caused by such a short-duration burst of large harmonic distortions. To determine the short-duration harmonic limits for the measurement purpose, the design limits such as Table Ⅱ was discussed in [10] . The crucial problem is how to apply the steady-state harmonic limits to the actual time-varying harmonics concerning uncertainties. Although several PQ indices associated with harmonics are defined in some literatures, it is still difficult to observe the actual operation status of the power system in some practical applications with the indices [8] , [9] . Therefore in this paper new fuzzy application which can handle uncertain, imprecise, and vague situations in measuring the TDD index will provide harmonic limits criteria taking into account time-varying harmonics. A fuzzy logic approach is proposed to calculate new fuzzy total demand distortion index (FTDDI) using the Mamdani-type fuzzy inference method which is the most commonly seen fuzzy methodology. This approach is simple to apply and useful to deal with uncertain problems. The flow of information of the basic fuzzy inference system (FIS) is illustrated schematically in Fig.  2 .
Fig. 2. Structure of Fuzzy Inference System
This paper is divided into six sections. The definition of TDD and fundamental of fuzzy inference system is reviewed in section Ⅱ and Ⅲ respectively. Then the design of the fuzzy inference system is proposed in section Ⅳ. The simulation study results and analyses are presented in section Ⅴ and finally conclusions are given at the end.
Total Demand Distortion
The IEEE Standard 519-1992 defined TDD as the total root mean square harmonic current distortion in percent of the maximum demand load current
where L I is the peak, or maximum, demand load current at the fundamental frequency component measured at the point of common coupling (PCC). This harmonic distortion limits which are listed in Table I provide the maximum allowable current distortion for a customer and should be used as system design values for the worst case for normal operation which is the conditions lasting longer than one hour. It should be also noticed that the limits may be exceeded by 50% for shorter periods [1] .
Fuzzy Inference System

A. Fuzzy Logic
Fuzzy logic starts with the concept of a fuzzy set which is a set without a crisp, clearly defined boundary. A fuzzy set describes vague concept with the possibility of partial membership. The degree of input space belonging to a fuzzy set is denoted by a membership value between 0 and 1. A membership function (MF) associated with a given fuzzy set maps an input value to the appropriate membership value. For example, if X is the universe of discourse, or input space, a classical set might be expressed as
If X is the universe of discourse and its elements are represented by x, a fuzzy set B in X is defined as a set of ordered pairs:
Here,
is the MF of x in the fuzzy set B.
After fuzzy sets and fuzzy operators such as AND, OR, and NOT are decided, an if-then rule is applied to formulate the conditional statements that comprise fuzzy logic. A general fuzzy if-then rule can be represented as
If (antecedent) then (consequent)
The antecedent of a rule can also have multiple parts, and a fuzzy rule defines the linguistic connection between input and output.
B. Fuzzy Inference System
Fuzzy inference is the formulating process to map a given input to an output using fuzzy logic. The Mamdanitype fuzzy inference method is the most commonly used and has five parts of the fuzzy inference process: fuzzification of the input variables, application of the fuzzy operator in the antecedent, implication from the antecedent to the consequent, aggregation of the consequents across the rules, and defuzzification.
1) Fuzzify Inputs:
This step is to take inputs and determine the fuzzy degree of membership in qualifying linguistic set. 2) Apply Fuzzy Operation: In this step, if the antecedent of a given rule has more than one part, a fuzzy operator has to be applied to get one number that represents the result of antecedent. Then the output will be a single truth value. There are the most common fuzzy operators: AND or OR 3) Apply Implication Method: The input for an implication process is a single number given by the output value of the previous step, and the output is a fuzzy set. Implication is implemented for each rule and several operators can be used such as MIN (minimum) truncating the output fuzzy set or PROD (product) scaling the output fuzzy set. 4) Aggregate All Outputs: Aggregation is the process by which the fuzzy sets representing the outputs of each rule are combined into a single fuzzy set. An input of the aggregation process is the list of truncated or scaled output fuzzy sets returned by the implication process for each rule, and the output of the aggregation process is one fuzzy set for each output variable. Several methods can be applied in this step such as maximum or the sum of each rule's output set. 5) Defuzzify: This step provides an output with a single number from the aggregate fuzzy set. The most popular defuzzification method is the centroid calculation which returns the center of area under the graph.
Proposed FIS Implementation
The proposed fuzzy logic application is used to calculate FTDDI, which is an index to denote the polluted current waveform from the harmonic distortion and to decide whether the current harmonic distortion is within the allowable limits or not. Fig. 3 shows very compact process of the FIS to get FTDDI from linguistic variable fuzzification all the way through defuzzifification of the aggregate output. This process was designed by Fuzzy Logic Toolbox available in Matlab [11] .
Fig. 3. FIS Diagram for FTDDI
A. Input Fuzzification
The inputs of FIS are the short circuit level, the duration of single harmonic burst, and TDD. Trapezoidal membership function is suitable to represent the range of short circuit level because it has a part of identical value. Five linguistic variables are used to denote the short circuit level: low (L), slightly low (SL), medium (M), slightly high (SH), and high (H). Each linguistic variable is designed to cover one of the ranges of the short circuit levels listed in Table I . For example, the linguistic variable low (L) means under the short circuit level 50, while the linguistic variable slightly low (SL) is used to represent between the short circuit level 20 and 50 and so on. Similarly, trapezoidal membership function is applicable to represent the duration of single harmonic burst which is the second input of the FIS, since it is required to identify the weighted factor as listed in Table  Ⅱ . Three linguistic variables are used: short (S), medium (M), and long (L). For example, short (S) means under the 0.02% of single harmonic burst duration over the whole measurement time, while long (L) is used to identify the maximum duration of single harmonic burst over 30 minutes.
On the other hand, triangular membership functions are used to represent both the third input TDD and the consequent of each rule. Seven linguistic variables are used to identify the limits of the TDD according to Table  I 
B. Fuzzy Rules
There are 55 rules for the proposed FIS implementation as follows.
1) If (short circuit level is L) and (TDD is VL) then (FTDDI is H). 2) If (short circuit level is L) and (TDD is L) then (FTDDI is MH). 3) If (short circuit level is L) and (duration of single harmonic burst is S) and (TDD is L) then (FTDDI is MH). 4) If (short circuit level is L) and (duration of single harmonic burst is M) and (TDD is L) then (FTDDI is MH). 5) If (short circuit level is L) and (TDD is SL) then (FTDDI is SH). 6) If (short circuit level is L) and (duration of single harmonic burst is S) and (TDD is SL) then (FTDDI is SH). 7) If (short circuit level is L) and (duration of single harmonic burst is M) and (TDD is SL) then (FTDDI is SH). 8) ~ 48) 49) If (short circuit level is H) and (TDD is SH) then (FTDDI is H).
50) If (short circuit level is H) and (TDD is H) then (FTDDI is MH). 51) If (short circuit level is H) and (duration of single harmonic burst is S) and (TDD is H) then (FTDDI is MH). 52) If (short circuit level is H) and (duration of single harmonic burst is M) and (TDD is H) then (FTDDI is MH). 53) If (short circuit level is H) and (TDD is VH) then (FTDDI is SH). 54) If (short circuit level is H) and (duration of single harmonic burst is S) and (TDD is VH) then (FTDDI is SH). 55) If (short circuit level is H) and (duration of single harmonic burst is M) and (TDD is VH) then (FTDDI is SMH).
The antecedent parts of each rule are designed by different combinations of the input linguistic variables using the 'and' operator, while the consequent part of each rule is decided to match the output linguistic variables and proper value for the FTDDI. For example, if short circuit level is low and TDD is very low, then the FTDDI should be a very high value to indicate that it is within the allowable limits. On the other hand, if the short circuit level is low and TDD is very high, then the FTDDI should be low to show proper level of harmonic distortion outside of limits. The critical parts of these rules are when the FTDDI is around threshold of limits because FTDDI is crucially influenced herein by how long the single harmonic bursts last. Both the consequent linguistic variable 'somewhat high' and 'moderately high' of output membership function have something to do with the threshold of limit a lot. Therefore, twenty rules which are related with the consequent linguistic variable 'somewhat high' and 'moderately high' of output membership function additionally consider the duration of single harmonic burst as an input variable.
The weighted factor specified by Table Ⅱ is individually applied to each rule of them.
C. Fuzzy Operator
The fuzzy operator minimum is used in the implication process, while the fuzzy operator maximum is used in aggregation part.
D. Defuzzification
The center of area (COA) method is used to deffuzify the aggregate fuzzy set. For given values of the short circuit level, TDD, and duration of single harmonic burst, the FIS calculates FTDDI.
Applications and Results
To test the validity, performance and feasibility of the proposed FTDDI, a utility distribution feeder example introduced by IEEE standard 519-1992 is applied in this paper. This distribution system feeder which has four users along the feeder is shown in Fig. 5 . Each user has a different value of short circuit level, and the current distortion from each user is caused by static power converter load. As usual, the TDD is measured at the PCC for each user. Note that the values of TDD for both user #1 and user #4 are well within the IEEE standard 519-1992 limits. On the other hand, the values of TDD for both user #2 and user #3 are over the limits as specified by Table Ⅲ . In such a case, one of the general solutions can be to place a harmonic filter near user # 3 to mitigate the harmonic currents created by user #3 and #4. Around 4.1 Mvar of capacitors are designed to remove 5 th harmonic current and are furnished at point A in Fig. 5 . There is, however, still no consideration for the time-varying characteristic of current distortion.
Fig. 6. Time-varying Harmonic Distortion
On the surface, the conventional TDD is well within acceptable limits for every user on the distribution feeder with a filter as specified by Table Ⅳ . It seems a costeffective solution to mitigate current harmonic distortion in this distribution system feeder even though the timevarying characteristic of harmonic distortion is often displayed during one week at the PCC as shown in Fig. 6 . However, existing TDD does not give any information of time-varying harmonic distortion because the TDD is defined as the steady-state concept of harmonics. Therefore, a new index is needed to quantify the severity of time-varying harmonic distortion for a real situation. The proposed FTDDI can serve this purpose, given that the TDD varies with time. To generate time-varying harmonics such as Fig. 6 , a practical current waveform is processed by windowed Fourier transform. Note that a single data point is an average of many sampled cycles within 3 seconds. It is further assumed that the measurement period is 60 minutes which applies to any time of a day. In the view of time-varying TDD, the FTDDI is suitable for deciding whether the distortion contained in the current is within acceptable limit or not. The value of FTDDI for the user #3 is 0.76 less than 0.78. This result indicates that the harmonic distortion is outside the limits even though the value of TDD is within the IEEE standard 519-1992 limits. Therefore the only TDD may give misleading answers about whether the time-varying harmonic current distortion is acceptable or not if we apply the steady-state harmonic limits to the actual time-varying harmonics without any modification. The key idea of the proposed FTDDI is to apply modified steady-state harmonic limits to the short-term duration characteristics of the measured harmonic distortions. This is due to the fact that the FTDDI considers the short-term single harmonic burst together with the short circuit level and TDD.
Conclusion
This paper identifies the need to develop a set of limits for measured or time-varying harmonics. The proposed fuzzy logic application to obtain FTDDI has the advantage of being simple to implement and contains knowledge base so there is no need for an expert's skill after the designing stage. As the results obtained from different cases in the distribution system feeder, the proposed FTDDI provides two important data which cannot be obtained from the TDD alone. It indicates how much current waveform is distorted by time-varying harmonics and whether the distortion is within allowable limits or not. The proposed FTDDI can be a very effective index to evaluate time-varying harmonic distortion and to limit time-varying harmonics for the purpose of measurement in the real world. With these concepts and procedures, the specific values can be applied to the actual field as more experiences are gained.
